Enveloped viruses enter cells by fusion of their own membrane with a cellular membrane. Incorporation of inverted-cone-shaped lipids such as lysophosphatidylcholine (LPC) into the outer leaflet of target membranes has been shown previously to impair fusion mediated by class I viral fusion proteins, e.g., the influenza virus hemagglutinin. It has been suggested that these results provide evidence for the stalk-pore model of fusion, which involves a hemifusion intermediate (stalk) with highly bent outer membrane leaflets. Here, we investigated the effect of inverted-cone-shaped LPCs and the cone-shaped oleic acid (OA) on the membrane fusion activity of a virus with a class II fusion protein, the flavivirus tick-borne encephalitis virus (TBEV). This study included an analysis of lipid mixing, as well as of the steps preceding or accompanying fusion, i.e., binding to the target membrane and lipid-induced conformational changes in the fusion protein E. We show that the presence of LPC in the outer leaflet of target liposomes strongly inhibited TBEV-mediated fusion, whereas OA caused a very slight enhancement, consistent with a fusion mechanism involving a lipid stalk. However, LPC also impaired the low-pH-induced binding of a soluble form of the E protein to liposomes and its conversion into a trimeric postfusion structure that requires membrane binding at low pH. Because inhibition is already observed before the lipid-mixing step, it cannot be determined whether impairment of stalk formation is a contributing factor in the inhibition of fusion by LPC. These data emphasize, however, the importance of the composition of the target membrane in its interactions with the fusion peptide that are crucial for the initiation of fusion.
Fusion of viral membranes with cellular membranes is a key step in the entry of enveloped viruses into cells. It requires energy to overcome repulsive forces between the opposing membranes and to locally disrupt the original lipid bilayer structures. This energy is provided by structural changes and protein-protein, as well as protein-lipid, interactions of specific viral envelope proteins, designated viral fusion proteins. In infectious virions these proteins exist in a metastable state and respond to a specific fusion trigger (receptor binding or acidic pH) by conformational changes that lead to the exposure of the fusion peptide and the formation of an energetically more stable postfusion structure (23, 25, 49) . So far, two structurally different classes of viral fusion proteins have been identified (30) . Class I is represented by the spike-like envelope proteins found in orthomyxo-, paramyxo-, retro-, filo-, and coronaviruses. They are characterized by amino-terminal or amino-proximal fusion peptides, as well as the formation of a hairpin-like postfusion structure with a central trimeric coiled coil. In this postfusion form the membraneinserted N and C termini are located at the same end of a very stable protein rod (11, 51) . The class II fusion proteins of flaviviruses and alphaviruses are completely unrelated structurally to class I viral fusion proteins. They are oriented parallel to the lipid membrane, possess internal fusion peptide loops, and form part of a metastable icosahedral network in the virion envelope (reviewed in references 19 and 27) . Recently, the postfusion structures of the class II proteins from both flavi-and alphaviruses were determined by X-ray crystallography (4, 16, 35) . These new structures suggest that the fusion processes mediated by both classes of fusion proteinsdespite their structural unrelatedness-follow conceptually related pathways.
It is thought that insertion of fusion peptides disrupts the membrane locally, leading to the formation of an initial local lipid connection (lipid stalk) in which only the outer leaflets of the two membranes have merged (8, 16 ). This lipid stalk is then believed to expand into a hemifusion diaphragm whose rupture would finally generate a fusion pore (8, 16) . The formation of a lipid stalk as proposed requires strong bending into a negative curvature of the outer leaflets, which have already fused at this stage. In addition to theoretical considerations (29, 31, 34, 41, 42) , experimental support for this stalk-pore model of fusion has been provided for class I viral fusion systems by using lipids that either impair or promote the bending of lipid membranes (reviewed in reference 8). Specifically, it has been shown that the presence of lipids with an inverted-cone shape (which induce positive curvature) such as lysophosphatidylcholine (LPC) in the outer leaflet of target membranes impaired fusion, whereas fusion was promoted at least in some instances by cone-shaped lipids (which induce negative curvature) such as oleic acid (OA). Although the data obtained have been consistent with the lipid stalk model, alternative explanations have also been discussed that relate to an influence of these lipids on the interaction of the fusion peptides with the target membrane (17, 18, 32, 37, 49) .
Since data on the influence of lipids that alter membrane curvature are not yet available for class II viral fusion proteins, we have investigated the effect of such molecules on fusion and on steps preceding fusion of the flavivirus tick-borne encephalitis virus (TBEV), for which atomic structures of the fusion protein E in its pre-and postfusion conformations are known (4, 40) . This protein exists as a metastable homodimer on the surface of infectious virions and is converted into a stable homotrimer upon exposure to acidic pH (postfusion structure) (1) . It was shown previously that a C-terminally truncated form of the E protein dimer (sE dimer) can be used to study the early stages of fusion protein-membrane interactions in the absence of fusion (46) . At low pH in the presence of membranes the sE dimers dissociate into monomers, bind to the target membrane via their internal fusion peptide loops, and form stable trimers corresponding to the postfusion structure (46, 47) . Cholesterol (CH) in the target membrane has a strong promoting effect on membrane binding and trimerization of sE, and it was shown by the use of CH analogs that the underlying interactions involve the 3␤-hydroxyl group at C-3 (48) .
In the present study we investigated the effect of invertedcone-shaped (LPCs) and cone-shaped (OA) lipids on the fusion of TBEV with liposomes, as well as on the steps preceding or accompanying fusion, i.e., fusion peptide loop-mediated binding of sE to the target membrane and lipid-induced trimerization of sE. Similar to what has been observed with class I viral fusion proteins and consistent with a fusion mechanism that involves a lipid stalk, the presence of LPC in the outer leaflet of liposomes strongly inhibited TBEV-mediated fusion, whereas fusion was slightly enhanced by OA. However, we also show that these lipids strongly influence the efficiency of the initial interaction of the fusion peptide loop with the target membrane and the generation of the trimeric postfusion structure of sE. Because inhibition already occurred before the lipid-mixing step, it was not possible to demonstrate a role of stalk formation in the TBEV fusion mechanism. The data do indicate, however, that early interactions of TBEV class II fusion protein E with membranes are very sensitive to the target membrane composition.
MATERIALS AND METHODS
Lipids. Phosphatidylcholine (PC) from egg yolk, phosphatidylethanolamine (PE; prepared by transphosphatidylation of egg PC), lyso-1-stearoyl-sn-3-PC (LSPC), lyso-1-palmitoyl-sn-3-PC (LPPC), lyso-1-myristoyl-sn-3-PC (LMPC), and lyso-1-lauroyl-sn-3-PC (LLPC) were purchased form Avanti Polar Lipids (Alabaster, Ala.). CH, cholesteryl methyl ether (CM), and OA were purchased from Sigma Chemical Co., and 1-pyrenehexadecanoic acid was from Molecular Probes (Leiden, The Netherlands).
Virus growth and purification. The TBEV prototype strain Neudoerfl was grown in primary chicken embryo cells, harvested 48 h after infection, and purified by two cycles of sucrose density gradient centrifugation (20) . For membrane fusion assays, the virions were metabolically labeled with 1-pyrenehexadecanoic acid as described previously (14) .
Preparation of sE dimers. sE dimers were generated by limited trypsin digestion of purified virions at 0°C as described previously (21) . The residual particles were removed by ultracentrifugation, and purification of the sE dimers was performed by anion-exchange chromatography (21) .
Liposomes. For the preparation of standard liposomes, PC, PE, and CH were mixed at a molar ratio of 1:1:2 from stock solutions in chloroform (48) . The mixture was dried to a thin film with a rotary evaporator and then dried further in a high vacuum for at least 1.5 h. The lipid film was hydrated in liposome buffer (10 mM triethanolamine, 140 mM NaCl, pH 8.0) and subjected to five cycles of freeze-thawing, followed by 21 cycles of extrusion through two polycarbonate membranes with a pore size of 200 nm with a Liposofast syringe-type extruder (Avestin, Ottawa, Ontario, Canada).
Incorporation of LPC or OA into liposomes. Stock solutions of 1 mM LPC were prepared as aqueous dispersions in liposome buffer (10 mM triethanolamine, 140 mM NaCl, pH 8.0); those of 10 mM OA were prepared as an ethanolic solution. Liposomes were mixed with LPC or OA in a molar ratio of 15:1 and incubated for 3 min at 37°C. For the removal of LPC from outer membranes, fatty-acid-free bovine serum albumin (BSA; Sigma Chemical Co.) was added to the liposome-LPC mixture to a final concentration of 10 mg/ml and further incubated for 5 min at 37°C.
Fusion assay. Fusion of pyrene-labeled virions with liposomes was measured by monitoring the decrease in pyrene excimer fluorescence caused by the dilution of pyrene-labeled phospholipids in the viral membrane into the unlabeled liposome membrane (14, 45) . Fluorescence was recorded continuously for 60 s at 480 nm with a Perkin-Elmer LS 50B fluorescence spectrophotometer at an excitation wavelength of 343 nm. For determining the effect of LPC or OA on fusion, pyrene-labeled virions (0.5 to 1 M) were mixed with 0.3 mM liposomes containing LPC or OA in a continuously stirred fluorimeter cuvette at 37°C and acidified to pH 5.4 by the addition of 300 mM morpholineethanesulfonic acid (MES). For controls at pH 8.0, the same amount of liposome buffer (pH 8.0) was added. The initial excimer fluorescence after mixing was defined as 0% fusion. To determine the residual excimer fluorescence at infinite dilution of the probe (defined as 100% fusion for calculating the fusion extents), the detergent octaethyleneglycol-monododecylether (C 12 E 8 ) was added to a final concentration of 10 mM to disperse the viral and liposomal membranes.
Coflotation of virions with liposomes. Virions were mixed with liposomes containing LPC or OA in a ratio of 1 g of E protein to 300 nmol of lipid. The samples were acidified with 300 mM MES, incubated for 10 min at 37°C at pH 5.4, back neutralized, and adjusted to a final volume of 2 ml of 20% (wt/wt) sucrose in TAN buffer (pH 8.0) as described previously (46) . The 2-ml virusliposome mixture was then applied to a 50% cushion and overlaid with 1 ml of 5% (wt/wt) sucrose. Centrifugation was carried out for 1.5 h at 50,000 rpm and 4°C in a Beckman SW55 rotor, and fractions of 200 l were collected by upward displacement. The amount of E protein in each fraction was determined by a quantitative four-layer enzyme-linked immunosorbent assay (ELISA) after denaturation of the samples with 0.4% sodium dodecyl sulfate (SDS) at 65°C (22) .
Coflotation of sE with liposomes. sE dimers were mixed with liposomes containing LPC or OA in a ratio of 1 g of sE protein (11 pmol) to 15 nmol of lipid. The samples were acidified with 300 mM MES, incubated for 20 min at 37°C and pH 5.4, back neutralized, and adjusted to a final volume of 0.6 ml of 20% (wt/wt) sucrose in TAN buffer (pH 8.0) as described previously (46) . The 0.6-ml sE protein-liposome mixture was then applied to a 50% cushion overlaid with 1.6 ml of 15% (wt/wt) sucrose and 0.8 ml of 5% (wt/wt) sucrose. Centrifugation was carried out as described above for coflotation of virus with liposomes.
Sedimentation analysis. The conversion of sE dimers into sE trimers was measured by sedimentation analysis in sucrose gradients as described previously (48) . sE dimers were mixed with liposomes containing LPC or OA in a ratio of 1 g of sE protein to 15 nmol of lipid and incubated for 5 min at 37°C. The samples were acidified with 300 mM MES, incubated for 30 min at 37°C at pH 5.4, back neutralized, solubilized with 1.5% n-octylglucoside (n-OG), and applied to 7 to 20% sucrose gradients in TAN buffer (pH 8.0) containing 0.8% n-OG. Samples were centrifuged for 20 h in an SW40 rotor (Beckman) at 38,000 rpm and 15°C. Fractions were collected by upward displacement, and E protein was quantitated by four-layer ELISA after denaturation with 0.4% SDS at 65°C (22) .
RESULTS
Effect of inverted-cone-shaped and cone-shaped lipids on fusion of TBEV with liposomes. The effect of inverted-coneshaped LPCs with different chain lengths (LLPC-C 12 , LMPC-C 14 , LPPC-C 16 , and LSPC-C 18 ) and the cone-shaped OA molecule on TBEV fusion was studied with an in vitro fusion assay with liposomes into which LPCs or OA had been incorporated into the outer leaflet of the membrane as described in Materials and Methods.
As shown in Fig. 1A , low-pH-induced fusion of TBEV with liposomes consisting of PC, PE, and CH (standard liposomes) is very fast and efficient. Incorporation of LMPC-C 14 , LPPC-C 16 , or LSPC-C 18 resulted in a strong reduction of the extent of fusion. With LLPC-C 12 only a slight reduction was observed, and this could be due to the less efficient incorporation of LPC with a shorter aliphatic side chain into lipid membranes (9) . In contrast to the LPCs, the cone-shaped OA molecule caused a very slight but consistent increase in fusion efficiency ( Fig. 1A  and 2B ). On the basis of the results shown in Fig. 1 and because it can be incorporated with high efficiency (3), LSPC was used in all further experiments. As shown in Fig. 1B , the inhibition of fusion by LSPC was clearly concentration dependent. In order to ascertain whether or not the observed fusion inhibition was indeed caused by membrane-incorporated rather than residual free LSPC, two sets of fusion experiments were carried out with (i) liposomes pretreated with LSPC that were purified via gel filtration and (ii) LSPC-modified liposomes that were treated with BSA, which is known to remove lysolipids from lipid membranes (9) . No difference in the degree of fusion impairment was observed between purified and unpurified LSPC-containing liposomes (data not shown). The addition of BSA to LSPC-containing liposomes, however, almost completely reversed the LSPC-mediated fusion inhibition, consistent with the extraction of membrane-inserted LSPC ( Fig.  2A) .
We also analyzed whether the effect on fusion of the inverted-cone-shaped LSPC molecule could be counteracted by the cone-shaped OA molecule. As shown in Fig. 2B , addition of OA (at the same molar ratio as LSPC) to LSPC-containing liposomes indeed resulted in increased fusion activity, reaching about 75% of control levels (Fig. 2B) .
Effect of LSPC on TBEV-lipid interactions preceding fusion. The flavivirus fusion reaction is a multistep process that includes the low-pH-induced dissociation of the E dimer, interaction of the fusion peptide loop with the target membrane, and conformational changes that convert the E protein into a trimeric postfusion structure (19) . We have made use of experimental tools that allowed us to investigate the effects of LSPC in the target membrane-not only with respect to overall fusion but also specifically on the binding and E protein trimerization steps.
The membrane-binding step was first analyzed by liposome (Fig. 3A, left side) . In contrast, the virusliposome association was completely abolished when LSPCtreated liposomes were used (Fig. 3A , right side), suggesting that LSPC already prevented the binding of the fusion peptide loop to the target membrane. This binding step can be specifically uncoupled from fusion and analyzed by the use of isolated sE instead of whole virions (46) . The results of such experiments are shown in Fig. 3B . The controls in which sE and standard liposomes were used yielded results similar to those obtained with whole virions (Fig. 3B,  left side) . When LSPC-containing liposomes were used, however, the binding of sE was strongly reduced (Fig. 3B, right side), consistent with the suggested impairment of the fusion peptide loop-mediated attachment to the modified liposomes.
Previously we showed that the low-pH-mediated conversion of the sE dimers into the stable trimeric postfusion structure requires its interaction with membranes (46) . To assess the effect of LSPC on this oligomeric transition, the sE preparations used for the coflotation experiments shown in Fig. 3B were solubilized with detergent and analyzed by sedimentation in sucrose gradients to determine the extent of trimer formation. The results in Fig. 4 show that trimer formation at low pH was also reduced in the presence of LSPC-containing liposomes (Fig. 4 , right side) compared to the control (Fig. 4, left  side) .
The effect of LSPC on trimerization of sE can either be due to the impaired binding of sE to liposomes or due to an effect FIG. 3 . Coflotation analysis demonstrating the impairment of binding of virions (A) and sE proteins (B) to liposomes containing LSPC. Control liposomes and LSPC-treated liposomes were mixed with virions (A) or sE proteins (B), acidified to pH 5.4, back neutralized, and subjected to centrifugation in sucrose step gradients as described in Materials and Methods. The gradients were fractionated, and the amount of E protein in each fraction was determined by a quantitative four-layer ELISA after denaturation of the samples with 0.4% SDS. The top fractions containing the liposomes and bound E protein are indicated by a bracket.
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of LSPC on the trimerization process itself. To distinguish between these two possibilities we performed the same experiments as described above with whole virions and LSPC-containing liposomes. In contrast to sE, the low-pH-induced formation of trimers in the context of whole virions also occurs in the absence of target membranes as shown previously (1), and consistent with this, the membrane-independent, low-pH-induced trimerization of E on the virion surface was not affected by LSPC (data not shown). Effect of LSPC on interactions of TBEV with CM-containing liposomes. As shown previously, the fusion peptide loop-mediated association with liposomes and the subsequent trimerization of sE are facilitated by CH and its 3␤-hydroxyl group (48) . Since specific interactions of LSPC with this group have been described (5, 6) it is possible that the observed effects of LSPC are indirect and reflect the masking of the hydroxyl group. We therefore carried out a set of experiments in which CH was replaced with CM, which possesses a methyl group instead of a hydroxyl group. Although the fusion activity with CM-containing liposomes was somewhat reduced (48), it was still significant and sufficient for investigating the effect of LSPC.
As shown in Fig. 5 , the results obtained were very similar to those obtained with CH-containing liposomes (Fig. 2B) . LSPC incorporation caused a strong decrease in the extent of fusion with virus, and this could be partially counteracted by OA (Fig.  5) . Similarly, when the same liposome preparations were used for measuring lipid binding and the concomitant trimerization of sE, these processes were significantly reduced by LSPC (data not shown).
These results suggest that the LSPC-mediated inhibition of TBEV fusion is not due to masking of the 3␤-hydroxyl group of CH but is a direct result of membrane modification by LSPC. FIG. 4 . Sedimentation analysis demonstrating the impairment of lipid-induced trimerization of sE with liposomes containing LSPC. sE proteins were mixed with standard liposomes or LSPC-treated liposomes, exposed to acidic pH, solubilized with 1.5% n-OG, and centrifuged in 7 to 20% sucrose gradients containing 0.8% n-OG as described in Materials and Methods. The gradients were fractionated, and the amount of E protein in each fraction was determined by a quantitative four-layer ELISA after denaturation of the samples with 0.4% SDS. The sedimentation direction is from left to right, and the dimer (D) and trimer (T) positions are indicated. 
DISCUSSION
The increasing knowledge of the structures of viral fusion proteins in their native and postfusion conformations has provided much insight into the processes of fusion between viral and cellular membranes (11, 26) . The recent determination of the postfusion structures of the class II viral fusion proteins from flavi-and alphaviruses has formed the basis for proposing that class I and II viral fusion machineries are mechanistically similar, even though they have unrelated protein architectures. Despite the precise knowledge of these protein structures and their fusion-associated conformational changes, the membrane intermediates proposed to be generated during the pathway of membrane fusion are much less well defined. The most prominent model involves the formation of an initial local lipid connection (lipid stalk) with a net negative curvature in which only the outer leaflets of the two membranes have merged and are strongly bent (8) . This model was first established for the influenza virus fusion mechanism but since then has been extended to other class I fusion proteins (8) and also to class II viral fusion proteins (16) . Consistent with the requirement for strong bending of the outer membrane leaflets for stalk formation, our data have shown that incorporation of invertedcone-shaped lipids (positive curvature) such as LPC in this leaflet of the target membrane had a strong inhibitory effect on fusion, whereas it was slightly enhanced when cone-shaped lipids (negative curvature) were used. Similar inhibitory effects of inverted-cone-shaped lipids that could be related to membrane curvature effects have been observed in a number of viral and nonviral fusion systems, including influenza virus (3, 9) , baculovirus (7), human immunodeficiency virus (33), rabies virus (15), cortical granule exocytosis (50) , and microsome fusion (10) .
Modification of the lipid composition of the target membrane, however, can also have an influence on the initial interaction with fusion peptides or other structural elements of fusion proteins that are required for driving fusion (17, 18, 32, 37, 49) . They can also potentially affect the way the fusion peptide is inserted into the membrane, thereby modifying local membrane disruptions that are required for promoting fusion (37) . We have indeed found that the presence of invertedcone-shaped LPCs in the outer leaflet of liposomes strongly impairs the low-pH-induced interaction of TBEV and its fusion protein with liposomes, suggesting that the internal fusion peptide loop might interact differently with modified membranes. With a soluble form of the fusion protein we also showed that the concomitant conversion into the trimeric postfusion structure was prevented. Similar effects have also been observed in other membrane fusion systems and could be related to lipid-dependent conformational changes that appear to regulate fusion activity (37) . Interestingly, certain bacterial toxins that require lipid interactions to form oligomeric pores in membranes have also been shown to depend on the shape of certain lipids in the membrane. Specifically, the interactions of Vibrio cholerae cytolysin with liposomes were enhanced by the insertion of cone-shaped lipids (52) , whereas the pore formation by aerolysin of Aeromonas hydrophila was blocked when inverted-cone-shaped lipids such as LPC were present in the membrane (2) .
Independent of curvature effects, the importance of specific protein-lipid interactions for the prefusion stages of viral membrane fusion has been highlighted previously for both class I and II systems. The presence of negatively charged lipids in the target membrane enhanced the binding of the fusion peptide and the efficiency of fusion of influenza virus (24, 44) and human immunodeficiency virus (12, 39) . An even more dramatic lipid dependence has been described for alphavirus membrane interactions (reviewed in reference 28). In this case target membrane binding is absolutely dependent on the presence of CH (38, 43) , whereas the subsequent merger of the membranes is regulated by sphingolipids (13, 36, 43) . Although the alpha-and flavivirus fusion proteins are structurally very similar, we do not observe an absolute requirement for CH in fusion experiments with TBEV (14, 48) . However, both membrane attachment and fusion are significantly enhanced by the presence of CH and these effects appear to be dependent on its 3␤-hydroxyl group (48) . Since it has been reported that the cone-shaped lipids we used in the present investigation (LPCs) can interact with CH in membranes via this hydroxyl group (5, 6), we also carried out experiments with a CH analog that lacks this group. Our data show that the LPC-mediated impairment of fusion-associated processes was independent of such an interaction and was most likely due to direct effects of LPC, such as changes in membrane curvature. This is supported by the finding that the LPC effect on fusion and binding (data not shown) could be counteracted by the simultaneous incorporation of the cone-shaped OA molecule.
Since the inverted-cone-shaped lipids used in this study were shown to already have such profound effects on the initial membrane attachment step, the data presented cannot be taken as evidence for or against the lipid stalk model as an intermediate in membrane fusion by this virus. They do, however, strongly support the notion that the interactions of fusion peptides with target membranes are quite specific and probably control fusion by causing local lipid disturbances and/or protein conformational changes that are essential for the further steps in the fusion process. On the basis of studies with the influenza virus hemagglutinin and lipid-induced conformational changes of its fusion peptide, Tamm et al. have recently proposed the so-called "lipid-mixer" model of membrane fusion, which does not require the formation of a lipid stalk at the stage of the hemifusion intermediate (49) . It has not been possible to distinguish between these two models, but both the new structural data (4, 16, 35) and the increasing data on the influence of specific lipids on fusion steps corroborate the notion that the mechanisms of class I and II viral fusion are probably fundamentally similar.
